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BACKGROUND. ERG rearrangements in localized prostate cancer can be detected with high
sensitivity and specificity by immunohistochemistry (IHC). However, recent data suggest that
ERG IHC may be less sensitive for ERG rearrangements in castration-resistant prostate cancer
(CRPC). Thus, we sought to examine ERG protein expression in a cohort of rapid autopsy
patients with lethal metastatic CRPC (mCRPC).
METHODS. A tissue microarray (TMA) of tumor sites from these patients was evaluated for
ERG, prostate-specific antigen (PSA), and androgen receptor (AR) expression by IHC and
correlated with ERG rearrangement status by fluorescent in situ hybridization (FISH). IHC
was scored as the product of tumor cell staining intensity (0–3) and percentage of cells positive
(0–100) (overall product score range¼ 0–300).
RESULTS. All 16 (100%) ERG rearrangement negative (ERGneg) patients were also negative
for ERG tumor cell expression (i.e., IHC product score¼ 0). Of the 10 ERG rearrangement
positive (ERGpos) patients, two (20%) were completely negative for ERG tumor cell expression,
while eight (80%) had weak ERG expression (median IHC product score¼ 5–110). Of these
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eight ERGpos patients, five (63%) had at least one tumor site without any detectable ERG
expression. For a given ERGpos patient, ERG expression varied both between and within
tumor sites; AR and PSA expression also varied between tumor sites, and there was no
significant correlation between ERG and AR or PSA expression.
CONCLUSIONS. These data reveal frequent discordance between ERG IHC and ERG FISH
in ERGpos patients from this unique cohort of heavily treated lethal mCRPC. Prostate 74:1199–
1208, 2014. # 2014 Wiley Periodicals, Inc.
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fluorescent in situ hybridization (FISH); rapid autopsy
INTRODUCTION
Recurrent gene fusions involving the ETS family of
transcription factors have been identified in nearly half
of human prostate cancers [1–4]. When they do occur,
these gene fusions are an early, clonal event in the
pathogenesis of prostate cancer [2,4,5], which has
helped illuminate its multifocal nature and subsequent
clonal metastatic dissemination [6,7]. TMPRSS2-ERG
is the most common ETS gene fusion in prostate
cancer, occurring in more than 40% of all localized
and metastatic tumors [8,9]; it is produced by rear-
rangement of chromosome 21, which brings ERG
expression under androgen control via androgen
receptor (AR)-mediated TMPRSS2 transcriptional reg-
ulation. ERG gene rearrangements can be detected
reliably by fluorescent in situ hybridization (FISH) [8],
and in localized prostate cancer, immunohistochemis-
try (IHC) with an anti-ERG antibody has high sensitiv-
ity and specificity for the ERG gene fusion product,
which demonstrates strong nuclear expression in ERG
rearrangement positive (ERGpos) tumor foci [10,11].
Recent literature suggests that ERG IHC, however,
may be comparatively less sensitive for ERG rear-
rangements in castration-resistant prostate cancer
(CRPC) [12,13], as well as prostate cancer with high-
grade neuroendocrine features (i.e., small cell carcino-
ma of the prostate) [14,15].
Rapid (“warm”) autopsies provide invaluable
opportunities for the procurement of primary and
metastatic tissue samples from patients with ad-
vanced, treatment-resistant tumors [16,17]. At the
University of Michigan Health System, we have
performed rapid autopsies on a large cohort of
patients with heavily treated metastatic CRPC
(mCRPC), and samples from these patients’ tumors
have played an essential role in advancing our
understanding of lethal prostate cancer, including
novel mechanisms of androgen signaling dysregula-
tion [9,18–20]. Because TMPRSS2-ERG is androgen-
regulated in ERGpos prostate cancer, ERG protein
expression may not be a faithful reporter of ERG
rearrangement status in advanced, heavily treated
tumors, which often demonstrate a reactivated but
dysfunctional AR signaling axis [20]. Thus, we sought
to examine the spectrum of ERG protein expression
at various tumor sites, as well as the concordance
between ERG IHC and ERG FISH, in a large cohort of
rapid autopsy patients with lethal mCRPC.
MATERIALSANDMETHODS
A tissue microarray (TMA) comprised of rapid
autopsy material from 30 patients with mCRPC has
been previously described [18]; these patients received
multimodal therapy, including a combination of radi-
cal prostatectomy, hormone deprivation (i.e., bilateral
orchiectomy and/or first-generation anti-androgen
therapy), radiation, and/or chemotherapy. Briefly, the
TMA includes samples from all metastatic tumor sites,
as well as primary tumor within the prostate (when
present at the time of autopsy; i.e., no prior radical
prostatectomy), and each tumor site is represented in
triplicate cores. In the current study, ERG, AR, and
prostate-specific antigen (PSA) IHC was performed
using a BenchMark ULTRA automated stainer and the
ultraView Universal DAB Detection Kit (Ventana
Medical Systems, Oro Valley, AZ). The following
primary antibodies were used: ERG (EPR3864; pre-
dilute, Ventana Medical Systems); PSA (polyclonal;
pre-dilute, Ventana Medical Systems); and, AR
(AR441; pre-dilute, Cell Marque, Rocklin, CA). All
available TMA tissue cores were evaluated for ERG,
AR, and PSA protein expression by two study pathol-
ogists (A.M.U. and R.M.), and cores without tumor
were excluded from further analysis. ERG endothelial
cell expression was used as an internal positive control
for ERG IHC. Staining intensity was scored as negative
(0), weak (1), moderate (2), or strong (3), and the
percentage of positive tumor cells was recorded (0–
100). For ERG and AR, only nuclear expression was
scored. For each evaluable core, an IHC product score
(range 0–300) was calculated as the product of the
staining intensity and percentage of positive tumor
cells. For a given patient and tumor site (e.g., lung
from patient #1), if more than one core was evaluable,
the final IHC product score was calculated as the
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average of all evaluated cores. For TMA cores from
ERGpos patients with negative ERG tumor cell expres-
sion and without discernible ERG endothelial cell
expression, whole tissue sections from parent tissue
blocks were evaluated by ERG IHC to confirm positive
ERG endothelial cell expression. Because protein
expression in tissue sections might be subject to a
number of fixation and methodological variables,
particularly for rapid autopsy specimens [21], TMA
ERG tumor cell expression was validated by whole
tissue sections from at least two parent tissue blocks
for each ERGpos patient.
Statistical correlation between ERG, AR, and PSA
tumor cell expression was assessed by calculating the
Pearson correlation coefficients (PCC) and correspond-
ing P-values for all possible IHC pairs (i.e., ERG and
PSA, ERG and AR, and PSA and AR). All statistical
analyses were performed using R (version 3.0.2). Heat
map plots were generated using GENE-E (Broad
Institute, Cambridge, MA).
RESULTS
We previously reported the clinicopathologic char-
acteristics of and the frequency and mechanism of
TMPRSS2-ERG rearrangements in a rapid autopsy
cohort of patients with lethal mCRPC [9,18]. ERG
protein expression, however, has not been systemati-
cally assessed in this cohort; thus, we sought to
evaluate ERG tumor cell expression by IHC using a
tissue microarray (TMA) containing a range of tumor
sites. Using a dual-color, break-apart ERG FISH meth-
od, our previously published data demonstrated that
10 (33%) of the patients in this cohort were positive for
ERG rearrangement (ERGpos), while 20 (67%) were
negative for ERG rearrangement (ERGneg) [9]. Currently,
we evaluated ERG tumor cell expression in these
patients by assigning each TMA core an IHC product
score (range 0–300; see Materials and Methods).
Twenty-six (87%) patients were evaluable for ERG
tumor cell expression by IHC. Consistent with the
high specificity of ERG IHC for the detection of ERG
rearrangements in prostate cancer [10], all 46 tumor
sites from ERGneg patients were negative for ERG
expression (i.e., IHC product score¼ 0) (Fig. 1K).
Twenty-eight tumor sites from ERGpos patients were
scored for ERG expression, and the number of sites
per patient ranged from one to four. Two (20%) of
the ERGpos patients (patients #2 and #22), both with
high-grade neuroendocrine features, were completely
negative for ERG tumor cell expression across all
sites. For the remaining eight ERGpos patients, ERG
tumor cell expression was weak (median site IHC
product score¼ 5–110) (Fig. 1E). Five (63%) of these
patients had at least one tumor site without any
detectable ERG protein expression (Fig. 1H), and the
maximum IHC product score for any site ranged
from 5 to 32. Thus, altogether, seven (70%) of the
ERGpos patients had completely negative or weak
ERG expression at all tumor sites. The remaining
three ERGpos patients demonstrated weak to moder-
ate ERG tumor cell expression at all sites (maximum
IHC product score¼ 100–220) (Fig. 1B).
To further validate our TMA results, ERG IHC was
performed on whole tissue sections from at least two
parent tissue blocks for each ERGpos patient, including
any TMA site with negative ERG tumor cell expression
but without ERG endothelial cell expression (i.e., no
internal positive control); seven [7] cores without an
internal positive internal control were identified, and
all demonstrated retained ERG endothelial cell expres-
sion on the evaluated corresponding parent tissue
sections. Furthermore, whole-section ERG IHC was
concordant with the corresponding TMA results in all
cases except one (patient #1), for which the discordant
results are noteworthy (Fig. 2). The TMA results
for this patient demonstrated weak or negative ERG
tumor cell expression at all four metastatic tumor sites
(liver, lymph node, soft tissue, and pancreas). The
corresponding whole tissue sections, on the other
hand, revealed remarkable intra-site heterogeneity of
ERG tumor cell expression, ranging from negative to
patchy and weak to diffuse and strong (Fig. 2). ERG
endothelial cell expression, on the other hand, was
moderate to strong throughout these sections. Interest-
ingly, for this patient, the areas of TMA core sampling
(as revealed by holes in the tissue sections) were
concentrated in areas of weak ERG tumor cell expres-
sion (data not shown), providing a plausible explana-
tion for the observed discordance between TMA and
whole-section ERG IHC. Also concordant with the
TMA results, two ERGpos patients (#2 and #22) with
high-grade neuroendocrine features were negative for
ERG tumor cell expression in whole tissue sections. A
third ERGpos patient (#24) with high-grade neuroendo-
crine features demonstrated negative whole-section
ERG tumor cell expression at two metastatic tumor
sites (liver and lymph node) but patchy and weak
ERG tumor cell expression at another site (lung)
(Fig. 3); intriguingly, as opposed to the diffuse high-
grade neuroendocrine features in the liver and lymph
node, the metastatic tumor cells in the lung section
exhibited a predominantly poorly differentiated acinar
morphology. Overall, these data demonstrate that, in
the majority of the heavily treated ERGpos mCRPC
patients studied herein, ERG tumor cell expression, as
detected by IHC, is predominantly weak, with consid-
erable inter- and intra-site heterogeneity.
Because ERG protein expression in ERGpos prostate
cancer is regulated by androgen signaling (via AR
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response elements in the TMPRSS2 promoter) [3], one
possible explanation for the predominantly weak and
heterogeneous ERG tumor cell expression observed
in our cohort is dysregulated androgen signaling.
Previously, we reported on the expression of AR, as
well as the androgen-regulated prostate-specific anti-
gen (PSA), in lethal mCRPC patients [18]; by IHC, AR
and PSA demonstrated variable protein expression
both within and between tumor sites. However, in
that prior study, ERG rearrangement status was not
available, and thus, in order to correlate ERG, AR, and
PSA protein expression in ERGpos tumors, we sought
to reassess AR and PSA IHC in an analogous manner to
ERG. For this study, fresh TMA slides were evaluated
Fig. 1. Discordancebetween ERGIHC and ERGFISHin a rapid autopsy cohort of lethalmCRPC. (A,D,G, J) H&E, (B,E,H,K) ERGIHC,
or (C,F,I,L) ERG FISHin (A^I) ERGpos or (J^L) ERGneg patients. In ERGpos patients, ERG tumor cell expression ranges from (B) diffuse and
moderate to (E) patchy and weak to (H) negative, and ERG IHC is negative in ERGneg patients (K). Strong ERG endothelial cell expression
(black arrowheads) provides aninternalpositive control for IHC stainingincaseswithnegativeERGtumorcell expression.Dual-color, break-
apart FISH method to determine ERG rearrangement status: wild type ERG allele¼yellow signal (colocalized signals; yellow arrowhead),
andrearrangedERG allele¼ singlegreensignal (greenarrowhead).H&EandERGIHC¼ 400magnification.
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Fig. 2. Intrasite heterogeneityof ERG tumor cell expression in a case of lethal ERGposmCRPC. (Toppanel) Low-power image of pancreas
involvedbyERGposmCRPC(patient#1)demonstrating significantintrasiteheterogeneityofERGtumorcell expression (ERGIHC;20mag-
nification). Letters correspond to higher power images in bottom panel. (Bottom panel; A and B) High-power images of areas indicated
by letters in the top panel, showing (A) diffuse and strong or (B) patchy and weak ERG tumor cell expression (left sub-panel¼H&E, right
sub-panel¼ ERGIHC;400). StrongERGendothelialcellexpression (blackarrowheads)provides aninternalcontrol for IHCstaininginareas
withweakERGtumorcellexpression.
Fig. 3. Intersite heterogeneity of ERG tumor cell expression in a case of lethal ERGpos mCRPC. (A^C) H&E or (D^F ) ERG IHC
of (A,D) liver, (B, E ) soft tissue, or (C, F ) lung in an ERGpos patient with mCRPC (patient #24).Tumor cells in the liver and soft tissue
(A,B,D,E ) exhibitedhigh-gradeneuroendocrinemorphology andwerenegative for ERGexpression,whereas tumorcells in the lung (C,F )
demonstrated a poorly differentiated acinar morphology and had patchy andweak ERG expression. Strong ERG endothelial cell expression
(black arrowheads) provides an internal control for IHC staining in areaswith negative or weak ERG tumor cell expression. 200magnifica-
tion.InsetinCandF¼1,000magnification.
ERGProtein in Lethal Prostate Cancer 1203
The Prostate
for AR and PSA tumor cell expression by IHC using
current staining protocols and available antibodies
(see Materials and Methods). Thirty-two tumor sites
from ERGpos patients were scored for AR expression,
and the number of sites per patient ranged from two
to five. Overall, maximum AR IHC product scores
ranged from 0 to 290 (median¼ 165); five (50%) of the
ERGpos patients had a maximum score greater than
200, while two (20%) had a maximum score less than
100. One (10%) ERGpos patient, with high-grade
neuroendocrine features, was negative for AR expres-
sion at all three tumor sites. Another ERGpos patient,
also with high-grade neuroendocrine features, was
negative for AR expression at three of five tumor sites,
while the remaining two sites exhibited relatively
robust expression (median IHC product score¼ 200).
In all, four (40%) ERGpos patients had at least one
tumor site without AR protein expression, and the
maximum AR IHC product score for any site in these
patients ranged from 0 to 205. Thirty tumor sites from
ERGpos patients were scored for PSA expression, and
the number of sites per patient ranged from two to
four. Overall, maximum PSA IHC product scores
ranged from 0 to 300 (median¼ 130); four (40%) of
the ERGpos patients had a maximum PSA IHC score
greater than 200, while two (20%) had a maximum
score less than 100. One (10%) ERGpos patient, with
high-grade neuroendocrine features, was negative for
PSA expression at all three tumor sites. In all, three
(30%) ERGpos patients had at least one tumor site
without PSA protein expression, and the maximum
PSA IHC product score for any site in these patients
ranged from 0 to 300. Thus, while the majority of
patients with ERGpos mCRPC demonstrated moderate
AR and PSA expression, there was significant variabil-
ity between tissue sites, and a proportion of patients
had at least one negative tumor site.
We next sought to examine possible correlation
between ERG, AR, and PSA IHC in ERGpos and
ERGneg patients in our cohort. For ERGpos patients,
negative, weak, or moderate ERG expression was
observed with corresponding variable AR and PSA
expression (Figs. 4 and 5); in these patients, there was
no significant correlation between ERG and AR or
PSA expression (Fig. 5). Interestingly, while some
tumor sites exhibited negative ERG expression despite
moderate AR expression (Fig. 4G), the opposite pat-
tern was not observed (i.e., no sites with negative AR
expression were positive for ERG expression). Finally,
in ERGneg patients, AR and PSA were strongly and
significantly correlated (PCC¼ 0.76; P-value< 0.01),
and similarly, there was a trend toward significant,
moderate correlation between AR and PSA expression
in ERGpos patients (PCC¼ 0.57; P-value¼ 0.07) (Fig. 5).
Thus, in this cohort of highly treated lethal ERGpos
mCRPC, there were differences in the correlation
between AR and two androgen-regulated gene prod-
ucts (i.e., ERG from TMPRSS2-ERG and PSA).
DISCUSSION
Our data demonstrate profound discordance be-
tween ERG IHC and ERG FISH in ERGpos patients
from a unique cohort of lethal, heavily treated
mCRPC. ERG tumor cell expression is negative or
weak in the vast majority of ERGpos patients, and
when present, there is considerable inter- and intra-
site heterogeneity. In addition, there is no significant
correlation between ERG and AR expression in these
tumors, despite known regulation of TMPRSS2-ERG
by AR responsive promoter elements in clinically
localized prostate cancer [3]. Taken together, these
results suggest dysregulation of androgen signaling in
lethal mCRPC. Intriguingly, recent exomic sequencing
of a subset of this rapid autopsy cohort uncovered
recurrent mutations in genes encoding essential AR
transcriptional cofactors, including FOXA1, MLL2,
UTX/KDM6A, and ASXL1 [20].
Emerging data suggest low-level discordance be-
tween ERG IHC and ERG FISH in a subset (approxi-
mately 10–20%) of patients with metastatic prostate
cancer [12,13]. Our results extend this finding to lethal
mCRPC; however, while the ERG IHC results pre-
sented herein are quite striking, this rapid autopsy
cohort represents a unique, heavily treated group
of lethal mCRPC. Therefore, we believe these data
should be applied cautiously, and additional studies
investigating the effect of current hormone therapy
and chemotherapeutic regimens on ERG protein
expression in ERGpos metastatic prostate cancer are
warranted.
ERG IHC has poor overall concordance with ERG
FISH in localized prostate cancer with high-grade
neuroendocrine features [14,15]. Our TMA and whole
tissue sections results expand this observation to lethal
mCRPC with high-grade neuroendocrine features,
as all three of the ERGpos patients with high-grade
neuroendocrine features in our cohort showed nega-
tive ERG tumor cell expression at the majority of
tumor sites. AR and PSA expression in these tumors
was also mostly negative or weak, although moderate
expression of both proteins was detected at some sites.
Interestingly, while tumor cells for one patient (#24)
demonstrated diffuse high-grade neuroendocrine mor-
phology without ERG expression at multiple sites,
metastatic tumor cells in the lung exhibited a poorly
differentiated acinar morphology and showed patchy
and weak ERG expression (Fig. 3), supporting the idea
that the androgen signaling pathway may be down-
regulated during progression from conventional acinar
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adenocarcinoma to high-grade neuroendocrine pros-
tate cancer [22–26].
Our results suggest some practical implications
from both a diagnostic and therapeutic perspective.
First and foremost, our data confirm the high specificity
of ERG IHC for the detection of ERG gene rearrange-
ments in prostate cancer, as none of the ERGneg
patients showed ERG tumor cell expression at any site.
Thus, the detection of ERG expression in prostate
cancer cells is essentially diagnostic for ERG rearrange-
ment. Second, ERG FISH may be the preferred method
for detecting ERG gene rearrangements in certain
specific instances, such as known metastatic prostate
cancer and high-grade tumors with neuroendocrine
features [27]. It is important to note, of course, that the
utility of either modality (i.e., ERG FISH or ERG IHC)
is limited to cases of prostate cancer with an ERG
rearrangement, and therefore, a negative result does
not exclude a diagnosis of prostate cancer.
Our results may also have important clinical con-
sequences for patients with mCRPC, particularly
in regards to selection of targeted therapeutics in
the emerging era of personalized medicine [27,28].
Because ERG expression is regulated by androgen
signaling in ERGpos prostate cancer, it is clear that ERG
expression (as detected by IHC) is affected by the
androgen signaling status of these cells. Future studies
may be indicated to evaluate ERG protein expression
Fig. 4. Discordance between ERGandARor PSA expression in lethal ERGposmCRPC. (A,D,G) ERGIHC, (B,E,H) AR IHC, or (C,F,I)
PSA IHC in three patients (A^C;D^F; or,G^I) with ERGpos mCRPC. ERG tumor cell expression is (G) negative, (D) patchy and weak,
or (A) diffuse and moderate, and corresponding AR and PSA expression is variable (B, C, E, F, H, I). Strong ERG endothelial cell
expression (black arrowheads) provides an internal control for IHC staining in areas with negative or weak ERG tumor cell expression.
400magnification.
ERGProtein in Lethal Prostate Cancer 1205
The Prostate
as a biomarker for response to next-generation anti-
androgen therapies in patients with ERGpos CRPC.
Finally, ERG protein expression in ERGpos CRPC may
also be a biomarker for the selection of patients to
receive targeted ETS rearrangement-based therapies.
PARP1, for example, is required for ERG-mediated
transcription, and the utility of PARP1 inhibitor thera-
py for patients with ERGpos mCRPC is currently being
explored in clinical trials (e.g., NCT01576172) [29].
Presumably, targeted PARP1 therapy is dependent on
ERG protein expression in tumor cells, and therefore,
patients with ERG tumor cell expression (as deter-
mined by IHC in this trial) may benefit from PARP1
inhibitor therapy, while patients without ERG tumor
cell expression may not. Future clinical trials targeting
prostate cancer with ETS gene fusions will need to
consider the potential discordance between ERG rear-
rangement status and ERG protein expression by IHC
prior to selecting testing modalities for the trial.
CONCLUSIONS
In summary, herein we have characterized ERG
protein expression in a unique cohort of rapid autopsy
patients with heavily treated, lethal mCRPC. Further
studies are warranted to delineate the exact mecha-
nisms underlying the profound discordance between
ERG rearrangement and ERG protein expression in
these tumors.
ACKNOWLEDGMENTS
We would like to thank Tina Fields and the staff of
the Department of Pathology Immunohistochemistry
Fig. 5. Summaryof ERG, AR, and PSA tumor cell expression in a rapid autopsy cohort of lethalmCRPC. A heatmap displaying ERG, AR,
andPSAIHCresults of aTMAcomprisedofrapid autopsymaterial from30patientswith lethalmCRPC;primaryprostate tumor (whenavail-
able at the time of autopsy; i.e., no prior radical prostatectomy) and all metastatic tumor sites were included in theTMA. (Previously, the
ERGrearrangement statusofeachpatient’s tumorwasdeterminedbyFISH[9].) InERGnegpatients,ERGtumorcell expressionisnegative (i.e.,
IHCproduct score¼ 0;e.g., seepatients#3,#26,and#30).InERGpospatients,ERGtumorcellexpressionispredominantlyweak tomoder-
ate, and there is intersiteheterogeneity (e.g., seepatients#12,#13, and#28),with corresponding variableAR and PSAexpression.ERGpos
patientswith high-gradeneuroendocrine features (see patients#2,#22, and#24) showmostly negative ERG,AR, and PSA tumor cell ex-
pression.Thereisno significantcorrelationbetweenERGandARorPSAtumorcell expressioninERGpospatients (see table atbottom).While
AR and PSA showpredominantlymoderate tumorcell expression, there is significant intersitevariability, and there is a trend towardmoder-
ate, significant correlation between AR and PSA in ERGpos patients (see table at bottom). (Rows correspond to individual rapid autopsy
patients [identifier listed to theleftof the firstcolumn].The firstcolumn [ERGFISH] represents theERGrearrangement status, as detectedby
ERG FISH. All other columns represent the average ERG, AR, or PSA IHC product score at a particular tissue site for a given patient [tissue
site identifier listed above the first row]: Pr, prostate; Li, liver; LN, lymph node; ST, soft tissue; Du, dura; Bl, bladder; Ad, adrenal gland; SV,
seminalvesicle;Di,diaphragm;andPa,pancreas].ERGFISH:blue¼positive,gray¼negative.IHCproduct score [range0^300]:negative[0]¼
dark green, weak and focal [1]¼ light green, and strong and diffuse [300]¼ red.White¼not evaluated. PCC¼Pearson correlation coeffi-
cient.)
1206 Udager et al.
The Prostate
Laboratory at the University of Michigan Health
System for technical assistance.
REFERENCES
1. Tomlins SA, Rhodes DR, Perner S, Dhanasekaran SM, Mehra R,
Sun XW, Varambally S, Cao X, Tchinda J, Kuefer R, Lee C,
Montie JE, Shah RB, Pienta KJ, Rubin MA, Chinnaiyan AM.
Recurrent fusion of TMPRSS2 and ETS transcription factor genes
in prostate cancer. Science 2005;310(5748):644–648.
2. Tomlins SA, Laxman B, Dhanasekaran SM, Helgeson BE, Cao X,
Morris DS, Menon A, Jing X, Cao Q, Han B, Yu J, Wang L,
Montie JE, Rubin MA, Pienta KJ, Roulston D, Shah RB,
Varambally S, Mehra R, Chinnaiyan AM. Distinct classes of
chromosomal rearrangements create oncogenic ETS gene fusions
in prostate cancer. Nature 2007;448(7153):595–599.
3. Kumar-Sinha C, Tomlins SA, Chinnaiyan AM. Recurrent gene
fusions in prostate cancer. Nat Rev Cancer 2008;8(7):497–511.
4. Tomlins SA, Laxman B, Varambally S, Cao X, Yu J, Helgeson BE,
Cao Q, Prensner JR, Rubin MA, Shah RB, Mehra R, Chinnaiyan
AM. Role of the TMPRSS2-ERG gene fusion in prostate cancer.
Neoplasia 2008;10(2):177–188.
5. Brenner JC, Chinnaiyan AM, Tomlins SA. ETS fusion genes in
prostate cancer. In: Tindall DJ, editor. Prostate cancer: Biochemis-
try, molecular biology and genetics, protein reviews. New York:
Springer; 2013.
6. Mehra R, Han B, Tomlins SA, Wang L, Menon A, Wasco MJ,
Shen R, Montie JE, Chinnaiyan AM, Shah RB. Heterogeneity of
TMPRSS2 gene rearrangements in multifocal prostate adeno-
carcinoma: Molecular evidence for an independent group of
diseases. Cancer Res 2007;67(17):7991–7995.
7. Barry M, Perner S, Demichelis F, Rubin MA. TMPRSS2-ERG
fusion heterogeneity in multifocal prostate cancer: Clinical and
biologic implications. Urology 2007;70(4):630–633.
8. Mehra R, Tomlins SA, Shen R, Nadeem O, Wang L, Wei JT,
Pienta KJ, Ghosh D, Rubin MA, Chinnaiyan AM, Shah RB.
Comprehensive assessment of TMPRSS2 and ETS family gene
aberrations in clinically localized prostate cancer. Mod Pathol
2007;20(5):538–544.
9. Mehra R, Tomlins SA, Yu J, Cao X, Wang L, Menon A, Rubin
MA, Pienta KJ, Shah RB, Chinnaiyan AM. Characterization
of TMPRSS2-ETS gene aberrations in androgen-independent
metastatic prostate cancer. Cancer Res 2008;68(10):3584–3590.
10. Park K, Tomlins SA, Mudaliar KM, Chiu YL, Esgueva R,
Mehra R, Suleman K, Varambally S, Brenner JC, MacDonald T,
Srivastava A, Tewari AK, Sathyanarayana U, Nagy D,
Pestano G, Kunju LP, Demichelis F, Chinnaiyan AM, Rubin MA.
Antibody-based detection of ERG rearrangement-positive pros-
tate cancer. Neoplasia 2010;12(7):590–598.
11. Gopalan A, Leversha MA, Dudas ME, Maschino AC, Chang J,
Al-Ahmadie HA, Chen YB, Tickoo SK, Reuter VE, Fine SW.
TMPRSS2-ERG rearrangement in dominant anterior prostatic
tumours: Incidence and correlation with ERG immunohis-
tochemistry. Histopathology 2013;63(2):279–286.
12. Teng LH, Wang C, Begin LR, Dolph M, Yilmaz A, Trpkov K,
Donnelly B, Bismar TA. ERG protein expression and gene
rearrangements are present at lower rates in metastatic and
locally advanced castration-resistant prostate cancer compared
to localized disease. Urology 2013;82(2):394–399.
13. Gsponer JR, Braun M, Scheble VJ, Zellweger T, Bachmann A,
Perner S, Vlajnic T, Srivastava M, Tan SH, Dobi A, Sesterhenn
IA, Srivastava S, Bubendorf L, Ruiz C. ERG rearrangement
and protein expression in the progression to castration-
resistant prostate cancer. Prostate Cancer Prostatic Dis 2014;
17(2):126–131.
14. Schelling LA, Williamson SR, Zhang S, Yao JL, Wang M,
Huang J, Montironi R, Lopez-Beltran A, Emerson RE, Idrees MT,
Osunkoya AO, Man YG, Maclennan GT, Baldridge LA, Com-
perat E, Cheng L. Frequent TMPRSS2-ERG rearrangement in
prostatic small cell carcinoma detected by fluorescence in situ
hybridization: The superiority of fluorescence in situ hybridiza-
tion over ERG immunohistochemistry. Hum Pathol 2013;44(10):
2227–2233.
15. Lotan TL, Gupta NS, Wang W, Toubaji A, Haffner MC, Chaux A,
Hicks JL, Meeker AK, Bieberich CJ, De Marzo AM, Epstein JI,
Netto GJ. ERG gene rearrangements are common in prostatic
small cell carcinomas. Mod Pathol 2011;24(6):820–828.
16. Embuscado EE, Laheru D, Ricci F, Yun KJ, de Boom Witzel S,
Seigel A, Flickinger K, Hidalgo M, Bova GS, Iacobuzio-Donahue
CA. Immortalizing the complexity of cancer metastasis: Genetic
features of lethal metastatic pancreatic cancer obtained from
rapid autopsy. Cancer Biol Ther 2005;4(5):548–554.
17. Rubin MA, Putzi M, Mucci N, Smith DC, Wojno K, Korenchuk S,
Pienta KJ. Rapid (“warm”) autopsy study for procurement
of metastatic prostate cancer. Clin Cancer Res 2000;6(3):1038–
1045.
18. Shah RB, Mehra R, Chinnaiyan AM, Shen R, Ghosh D, Zhou M,
Macvicar GR, Varambally S, Harwood J, Bismar TA, Kim R,
Rubin MA, Pienta KJ. Androgen-independent prostate cancer is
a heterogeneous group of diseases: Lessons from a rapid autopsy
program. Cancer Res 2004;64(24):9209–9216.
19. Mehra R, Kumar-Sinha C, Shankar S, Lonigro RJ, Jing X, Philips
NE, Siddiqui J, Han B, Cao X, Smith DC, Shah RB, Chinnaiyan
AM, Pienta KJ. Characterization of bone metastases from rapid
autopsies of prostate cancer patients. Clin Cancer Res 2011;
17(12):3924–3932.
20. Grasso CS, Wu YM, Robinson DR, Cao X, Dhanasekaran SM,
Khan AP, Quist MJ, Jing X, Lonigro RJ, Brenner JC, Asangani IA,
Ateeq B, Chun SY, Siddiqui J, Sam L, Anstett M, Mehra R,
Prensner JR, Palanisamy N, Ryslik GA, Vandin F, Raphael BJ,
Kunju LP, Rhodes DR, Pienta KJ, Chinnaiyan AM, Tomlins SA.
The mutational landscape of lethal castration-resistant prostate
cancer. Nature 2012;487(7406):239–243.
21. Singhi AD, Cimino-Mathews A, Jenkins RB, Lan F, Fink SR,
Nassar H, Vang R, Fetting JH, Hicks J, Sukumar S, De Marzo
AM, Argani P. MYC gene amplification is often acquired in
lethal distant breast cancer metastases of unamplified primary
tumors. Mod Pathol 2012;25(3):378–387.
22. Li Z, Chen CJ, Wang JK, Hsia E, Li W, Squires J, Sun Y, Huang J.
Neuroendocrine differentiation of prostate cancer. Asian J
Androl 2013;15(3):328–332.
23. Huang J, Yao JL, di Sant’Agnese PA, Yang Q, Bourne PA, Na Y.
Immunohistochemical characterization of neuroendocrine cells
in prostate cancer. Prostate 2006;66(13):1399–1406.
24. Slovin SF. Neuroendocrine differentiation in prostate cancer: A
sheep in wolf’s clothing? Nat Clin Pract Urol 2006;3(3):138–144.
25. Beltran H, Rickman DS, Park K, Chae SS, Sboner A, MacDonald
TY, Wang Y, Sheikh KL, Terry S, Tagawa ST, Dhir R, Nelson JB,
de la Taille A, Allory Y, Gerstein MB, Perner S, Pienta KJ,
Chinnaiyan AM, Collins CC, Gleave ME, Demichelis F, Nanus
DM, Rubin MA. Molecular characterization of neuroendocrine
prostate cancer and identification of new drug targets. Cancer
Discov 2011;1(6):487–495.
ERGProtein in Lethal Prostate Cancer 1207
The Prostate
26. Lapuk AV, Wu C, Wyatt AW, McPherson A, McConeghy BJ,
Brahmbhatt S, Mo F, Zoubeidi A, Anderson S, Bell RH,
Haegert A, Shukin R, Wang Y, Fazli L, Hurtado-Coll A, Jones
EC, Hach F, Hormozdiari F, Hajirasouliha I, Boutros PC, Bristow
RG, Zhao Y, Marra MA, Fanjul A, Maher CA, Chinnaiyan AM,
Rubin MA, Beltran H, Sahinalp SC, Gleave ME, Volik SV, Collins
CC. From sequence to molecular pathology, and a mechanism
driving the neuroendocrine phenotype in prostate cancer.
J Pathol 2012; 227(3):286–297.
27. Udager AM, Alva A, Mehra R. Current and proposed molecular
diagnostics in a genitourinary service line laboratory at a tertiary
clinical institution. Cancer J 2014;20(1):29–42.
28. Roychowdhury S, Chinnaiyan AM. Advancing precision medi-
cine for prostate cancer through genomics. J Clin Oncol 2013;
31(15):1866–1873.
29. Brenner JC, Ateeq B, Li Y, Yocum AK, Cao Q, Asangani
IA, Patel S, Wang X, Liang H, Yu J, Palanisamy N, Siddiqui J,
Yan W, Cao X, Mehra R, Sabolch A, Basrur V, Lonigro RJ, Yang J,
Tomlins SA, Maher CA, Elenitoba-Johnson KS, Hussain M,
Navone NM, Pienta KJ, Varambally S, Feng FY, Chinnaiyan AM.
Mechanistic rationale for inhibition of poly(ADP-ribose) poly-
merase in ETS gene fusion-positive prostate cancer. Cancer Cell
2011;19(5):664–678.
1208 Udager et al.
The Prostate
